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Vacuum-stimulated Raman transitions are driven between two magnetic substates of a 87Rb atom
strongly coupled to an optical cavity. A magnetic field lifts the degeneracy of these states, and the
atom is alternately exposed to laser pulses of two different frequencies. This produces a stream of
single photons with alternating circular polarization in a predetermined spatio-temporal mode. MHz
repetition rates are possible as no recycling of the atom between photon generations is required.
Photon indistinguishability is tested by time-resolved two-photon interference.
A major issue in quantum information processing
(QIP) is to boost the scale of current experimental im-
plementations so that many quantum bits (qubits) can
be handled. One way to get there is to establish a net-
work of stationary quantum systems and to interconnect
them by flying qubits such as single photons. In principle
this can be achieved with single atoms coupled to single
photons in optical cavities. Most proposals [1, 2, 3, 4] re-
quire these photons to be indistinguishable, that is in the
same spatio-temporal mode of known frequency and po-
larization. Previous atom-cavity photon sources [5, 6, 7]
have met these requirements except for the polarization
control, whereas the latter has only been achieved with
probabilistic single-photon emitters [8, 9][18]. Here we
describe the realization of a deterministic single-photon
source based on an atom-cavity system which produces
photons of known polarization. A Raman transition be-
tween themF = ±1 Zeeman sublevels of the 5S1/2, F = 1
ground state of a 87Rb atom is driven by the combination
of a pump laser and the cavity vacuum field stimulating
the emission of a single photon [10]. Such a scheme could
also be used to generate a stream of single-photon time-
bin qubits in an entangled state. By combining partial
photon production with internal rotations of the atom,
photon states such as the GHZ and W states could be
constructed [11].
Figures 1(a) and (b) show the relevant levels involved
in our scheme, the 5S1/2, F = 1 ground states, la-
belled by magnetic sublevel |−1〉, |0〉, and |+1〉, and the
5P3/2, F
′ = 1, mF = 0 excited state, |e〉. A magnetic
field along the cavity axis defines the quantization axis
and lifts the degeneracy of the ground states, producing
an energy shift of the mF = ±1 states of ∓h¯∆B. For
geometrical reasons the cavity supports only σ+ and σ−
photons along its axis. The cavity resonance frequency ωc
is chosen to be ω0e, the frequency of the |0〉 ↔ |e〉 tran-
sition, and is fixed during the experiment. The pump
laser is linearly polarized perpendicular to the quantiza-
tion axis, decomposing into σ+ and σ− components, and
has a frequency ωp.
Consider an atom, coupled to the cavity, in the |+1〉
state. If the pump-cavity detuning ∆pc ≡ ωp−ωc = 2∆B
FIG. 1: Scheme and setup: (a+b) Relevant energy levels in
87Rb for photon production. (a) The pump laser and cavity
drive a resonant Raman transition which takes the atom from
|+1〉 to |−1〉, producing a σ+ photon. (b) A second pump
pulse of different frequency returns the atom to |+1〉, whilst
producing a σ− photon. (c) As atoms fall from a magneto-
optical trap (MOT) through the cavity we shine in the pump
laser from the side to generate photons. The photons are di-
rected through one of two fibers by a polarizing beam splitter
(PBS), the long 270m fiber acting as a delay line. Photons
emerging from the fibers can interfere at a beamsplitter (BS),
and are detected by a pair of avalanche photodiodes (APDs).
then the combination of a pump pulse with the cavity
vacuum field resonantly drives a Raman transition and
transfers the atom to the |−1〉 state, depositing a σ+
photon into the cavity. If the cavity field decay rate κ is
similar to the Rabi frequency of the Raman transition,
then the photon escapes from the cavity as the popu-
lation transfer from |+1〉 to |−1〉 takes place. Once the
2atom is in |−1〉 and the photon has escaped, no transition
to any other state is resonantly driven, ensuring that only
a single photon is generated. To produce another pho-
ton with the next pump pulse, a pump-cavity detuning
∆pc = −2∆B is chosen to fulfil the Raman resonance for
the transition from |−1〉 to |+1〉. Then laser and cavity
change their roles, resulting in the production of a single
σ− photon. In contrast to previous experiments [5, 6, 7]
this back and forth process requires no repumping laser
pulse to return the atom to its initial state after a photon
generation .
Figure 1c shows a schematic of the experiment. 87Rb
atoms are dropped from a magneto-optical trap (MOT)
through the TEM00 mode of an optical cavity. The flux
of atoms through the cavity mode is ∼ 2/ms. The
cavity is 1mm long, has a finesse of 60,000, and the
mode has a waist of 35µm. One mirror has a 25 times
larger transmission coefficient than the other. The rel-
evant parameters for the system are (gmax, κ, γ)/2pi =
(3.1, 1.25, 3.0)MHz where gmax is the atom-cavity cou-
pling constant on the transition relevant for photon gen-
eration for an atom maximally coupled to the mode, and
κ and γ are the field decay rates for the cavity and atom
respectively.
A magnetic field of 20G along the cavity axis produces
a Zeeman splitting of ∆B/2pi = 14MHz. To generate
a stream of photons, a sequence of pump laser pulses
with alternating frequency is continuously repeated as
the atoms fall through the cavity. The Rabi frequency of
the pump pulses goes as Ω0sin
2(pit/tp), Ω0 being the peak
Rabi frequency and tp the length of the pulse. These
pulses propagate perpendicular to both the motion of
atoms and the cavity axis (and thus the magnetic field).
Photons produced within the cavity decay with a prob-
ability of 93% through the mirror of higher transmit-
tance. The photons have a well defined polarization
so we can use a waveplate and polarizing beam split-
ter (PBS) to direct them into one of two polarization-
maintaining single-mode optical fibers, one long (270m),
the other short (3m). The output modes of the fibers
are recombined at a 50:50 non-polarizing beam splitter
(BS), and photons are then detected at each output port
by avalanche photodiodes. This detection setup allows
us to characterize our source. Firstly, the single-photon
nature is investigated when a fraction of photons is sent
through only one fiber, while the other fiber is closed.
In this case, we have a Hanbury Brown and Twiss setup
allowing measurement of the intensity correlation as well
as the detection-time distribution of the emitted photons.
Secondly, the mutual coherence of pairs of σ+ and σ−
photons is characterized in a time-resolved two-photon
interference experiment [12, 13], where both fibers are
used. The long fiber is used as a delay line for a first
photon and the subsequently generated second photon is
sent through the short fiber so the two photons arrive at
the beamsplitter simultaneously, and can interfere.
FIG. 2: Photon characteristics observed with only one path
to the beam splitter open. (a) Pump pulse sequence. The
first pulse, labelled ω+, has a detuning of ∆pc/2pi = 28MHz,
the second (ω
−
) ∆pc/2pi = −28MHz. (b)/(c) Photon detec-
tion time distribution for σ+/σ− photons, showing they are
overwhelmingly detected during the ω+/ω− pulses. (d) Detec-
tion time distributions for photons conditioned on a detection
during the previous pulse. The probability of detecting a σ+
photon after a σ− photon is much larger than the probabil-
ity of the opposite case. (e) Measurement of the intensity
correlation between the two detectors (both polarizations are
detected). The missing peak at τ = 0 results from the single
photon nature of the source. Data are binned in 150 ns inter-
vals.
We first focus on characterizing individual photons.
In the measurements shown in figure 2 the long fiber is
closed, and we only detect photons which pass through
the short fiber. Figure 2a shows the repeating sequence
of pump pulses used, with parameters (Ω0/2pi, tp) =
(24MHz, 1.42µs) and detunings ∆pc = ±2∆B. The
pulses are labelled ω+ and ω− indicating that the laser
frequency is such that a σ+ or σ− photon, respectively,
should be emitted. To show that the frequency of the
pump laser pulse determines the direction of the Raman
process, and therefore the polarization of photons, we
look at the detection time distributions of photons of the
two circular polarizations separately. In figure 2b the
waveplate is oriented such that only σ+ photons are de-
tected, in figure 2c only σ−. It can be clearly seen that
the number of σ+ photons generated during the ω+ pulse
is much larger (∼ 20 times) than during the ω− pulse.
Similarly for σ− photons, the number of detected photons
during the ω+ pulse is ∼ 30 times smaller than during the
ω− pulse. In both cases approximately the same num-
ber of atoms pass through the cavity and similar total
numbers of σ+ and σ− photons are detected.
A measure of the efficiency of our photon generation
process can be obtained by considering the probability
for a photon emission given that a photon was detected
during the previous pump pulse. This condition ensures
that an atom is coupled to the cavity and that it is in
3the correct internal state to emit a photon in the sub-
sequent pulse. For this measurement photons of both
polarizations need to be detected, so the waveplate after
the cavity is oriented such that the PBS acts as a 50:50
beamsplitter for each polarization.
Shown in figure 2d are the detection time distribu-
tions of photons detected during the ω+ pump pulse,
given that a photon was detected during the previous
ω− pulse (t < 1.42µs), and the arrival time distribu-
tions of photons detected during the ω− pulse, given
that a photon was detected during the previous ω+ pulse
(t > 1.42µs). Immediately obvious is the large difference
in the number of these conditioned σ+ and σ− photons.
Taking into account the dark count rate and the over-
all photon detection efficiency, we obtain two conditional
probabilities for generating a photon inside the cavity:
p(σ+|σ−) = 41% for generating a σ+ photon after a σ−
photon, and p(σ−|σ+) = 13% for generating a σ− photon
after a σ+ photon.
In addition to the large difference between these con-
ditional probabilities for the two polarizations, it can be
seen in figures 2b,c and d that the envelopes of the single-
photon wavepackets depend on the polarization. The
peak of the σ+ envelope occurs earlier in the pump laser
pulse than the peak of the σ− envelope. This asymme-
try between the two polarizations occurs even though the
scheme shown in figure 1a+b looks symmetric, however
only the directly relevant levels are shown there. Addi-
tional levels present in the atom (principally the F ′ = 0
excited state) break this symmetry. Nonetheless, theo-
retical studies that take the effect of additional levels into
account [10] are still insufficient to explain the measured
differences in conditional probabilities.
To prove that only single photons are generated, an in-
tensity correlation measurement is performed. As in the
measurement of conditional probabilities, we send pho-
tons of both polarizations through the short fiber. Af-
ter the fiber the 50:50 beamsplitter randomly sends each
photon to one of two avalanche photodiodes. Figure 2e
shows the number of coincidences in the two detectors
recorded as a function of the time delay τ between the
detections. The comb-like structure reflects the period-
icity of the driving pulses, where the width of the comb
is a consequence of the limited interaction time a falling
atom has with the cavity mode. The feature we are most
interested in is that the peak at time τ = 0 is missing,
meaning that we have a single photon source. The proba-
bility of obtaining multiple photons is 2.5% that of single
photons. Note that the peaks at τ = ±1.42µs are at
least 2.5 times higher than all the others since a pair of
subsequent photons is more likely to be obtained than
three or more photons in a row.
Many QIP applications of a single-photon source re-
quire indistinguishable photons [1, 2, 3, 4, 14]. Here, the
envelopes of the σ+ and σ− photons are seen to be similar
in figure 2b+c but this tells us nothing about the spectral
properties. We test for indistinguishability by perform-
ing a time-resolved two-photon interference experiment
[12, 13, 15]. Two photons that simultaneously enter dif-
ferent entrance ports of a 50:50 beam splitter will always
leave through the same output port if they are indistin-
guishable. The degree of indistinguishability is measured
by comparing the number of coincidences obtained when
the pair of photons have parallel polarization with the
case when they are perpendicularly polarized and thus
completely distinguishable.
We superpose pairs of subsequently generated photons
at a beamsplitter. Both fibers are open, and since the
photons have a well-defined polarization, they can be di-
rected into either the long or the short fiber. A waveplate
at the exit of the long fiber is used to set the relative po-
larization of the two photons. To maximize the number of
events where two photons reach the beamsplitter at the
same time, σ− photons are delayed while σ+ photons,
which have the higher conditional emission probability,
are sent directly to the beamsplitter. The time between
the pump pulses is set such that there is maximum over-
lap of the pulse areas of the two interfering photons, this
is what we denote a simultaneous arrival. As in previous
experiments [13] we count the number of coincidences as
a function of the detection time difference, τ .
A typical result is shown in the inset of figure 3. The
curves give the number of coincidences versus τ where the
two photons have either parallel or perpendicular polar-
ization at the beamsplitter. The dip in the number of co-
incidences for parallel polarizations around τ = 0 shows
that the spatial mode matching of the two interfering
photons is good, with the magnitude of the dip consis-
tent with the measured single-photon interferometer vis-
ibility of 98%. This means that most of the coincidences
for parallel polarization reflect the distinguishability of
the photons.
We calculate the integrated two-photon interference
visibility V = 1− (Cpar/Cperp) where Cpar(Cperp) is the
total number of coincidences for |τ | < tp when the pho-
tons hit the beamsplitter with parallel(perpendicular)
polarization. It is the same information one would get in
a standard Hong-Ou-Mandel measurement [16] without
detection time resolution at the bottom of the ‘HOM-
dip’. This visibility was measured for photons generated
with a range of different peak Rabi frequencies Ω0, and
pulse lengths tp, the results of which are shown in figure
3. The visibility increases with reduced Ω0 and shorter
pulse durations tp, with a maximum measured visibil-
ity of 77% for Ω0/2pi = 12MHz and tp = 0.71µs. The
visibility is influenced by both the indistinguishability of
the two photons and the spatial mode-matching at the
beam splitter. The combination of the interferometer vis-
ibility and slightly non-identical photon envelopes give a
maximum possible visibility V = 94%, which would be
obtained for interfering single-photon wavepackets with
identical temporal evolution, higher than the maximum
4FIG. 3: Two-photon interference. Inset: coincidences as a
function of the time difference between detections for pho-
tons with parallel and perpendicular polarizations. For per-
fect spatial mode matching, the dip around τ = 0 for par-
allel polarizations would reach zero coincidences. The ob-
served dip is consistent with an interferometer visibility of
0.98. (Ω0/2pi, tp) = (12MHz, 0.72µs). An integrated visibil-
ity V = 77% is observed. Main figure: visibility and photon-
generation efficiency as a function of pump laser peak Rabi
frequency Ω0 and various pulse durations tp. The open sym-
bols refer to the integrated visibility V of the two photon in-
terference, with different shapes for different pulse durations.
V increases with lower Ω0 and shorter tp. The filled symbols
show the conditional probabilities p(σ+|σ−) and p(σ−|σ+) for
generating photons with a pulse duration tp = 1.42µs.
we obtained.
There are several processes that might affect the pho-
ton generation in a way that would make the photons
more distinguishable. As discussed before, the atom is
more complex than a three-level system, with additional
levels in both the excited and ground states. Off-resonant
transitions to these levels lead to frequency broaden-
ing with increasing Rabi frequency. In contrast to that,
shorter photons show a better visibility as they have less
time to dephase [15]. As expected and shown in figure
3, the conditional probabilities of generating a photon
also change with Ω0 and tp. Unfortunately, conditions
which lead to higher visibilities result in lower probabili-
ties of generating photon pairs. This reduces the rate at
which the source could be used in QIP applications. Of
course, it is always possible to increase the visibility by
post-selecting only those pairs of coincidences that occur
within the dip around τ = 0.
In conclusion, we now have a way to generate single
photons of known polarization in a well-defined spatial
mode from a coupled atom-cavity system. The next step
will be to use an atom trapped within the cavity [17] to
produce long streams of photons, with the same coupling
to the cavity for each pulse.
We thank F. Verstraete for useful discussions. This
work was supported by the Deutsche Forschungsgemein-
schaft (SFB 631, Research Unit 635) and the European
Union [IST (QGATES, SCALA) and IHP (CONQUEST)
programs].
[1] J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi,
Phys. Rev. Lett. 78, 3221 (1997).
[2] C. Cabrillo, J. I. Cirac, P. Garc´ia-Ferna´ndez, and
P. Zoller, Phys. Rev. A 59, 1025 (1999).
[3] D. E. Browne, M. B. Plenio, and S. F. Huelga, Phys. Rev.
Lett. 91, 067901 (2003).
[4] L.-M. Duan and H. J. Kimble, Phys. Rev. Lett. 90,
253601 (2003).
[5] A. Kuhn, M. Hennrich, and G. Rempe, Phys. Rev. Lett.
89, 067901 (2002).
[6] M. Keller, B. Lange, K. Hayasaka, W. Lange, and
H. Walther, Nature 431, 1075 (2004).
[7] J. McKeever, A. Boca, A. D. Boozer, R. Miller, J. R.
Buck, A. Kuzmich, and H. J. Kimble, Science 303, 1992
(2004).
[8] C. K. Hong and L. Mandel, Phys. Rev. Lett. 56, 58
(1986).
[9] B. Darquie´, M. P. A. Jones, J. Dingjan, J. Beugnon,
S. Bergamini, Y. Sortais, G. Messin, A. Browaeys, and
P. Grangier, Science 309, 454 (2005).
[10] T. Wilk, H. P. Specht, S. C. Webster, and G. Rempe, J.
Mod. Opt. (in press) (2006) quant-ph/0603083.
[11] C. Scho¨n, E. Solano, F. Verstraete, J. I. Cirac, and M. M.
Wolf, Phys. Rev. Lett. 95, 110503 (2005).
[12] T. Legero, T. Wilk, A. Kuhn, and G. Rempe, Appl. Phys.
B 77, 797 (2003).
[13] T. Legero, T. Wilk, M. Hennrich, G. Rempe, and
A. Kuhn, Phys. Rev. Lett. 93, 070503 (2004).
[14] E. Knill, R. Laflamme, and G. J. Milburn, Nature 409,
46 (2001).
[15] T. Legero, T. Wilk, A. Kuhn, and G. Rempe, Adv. At.
Mol. Opt. Phys. 53, 253 (2006).
[16] C. K. Hong, Z. Y. Ou, and L. Mandel, Phys. Rev. Lett.
59, 2044 (1987).
[17] S. Nußmann, K. Murr, M. Hijlkema, B. Weber, A. Kuhn,
and G. Rempe, Nat. Phys. 1, 122 (2005).
[18] Light emitted by a two-level atom into free space and
partially collected by a high N.A. lens is no longer in an
angular-momentum eigenstate. This makes it difficult to
control the polarization in such a single-photon source.
